Approximately 1% of all babies are born with some form of congenital heart defect. Many serious forms of CHD can now be surgically corrected after birth, which has led to improved survival into adulthood. However, many patients require serial monitoring to evaluate progression of heart failure and determine timing of interventions. Accurate multidimensional quantification of regional heart shape and function is required for characterizing these patients. A computational atlas of single ventricle and biventricular heart shape and function enables quantification of remodeling in terms of z scores in relation to specific reference populations. Progression of disease can then be monitored effectively by longitudinal evaluation of z scores. A biomechanical analysis of cardiac function in relation to population variation enables investigation of the underlying mechanisms for developing pathology. Here, we summarize recent progress in this field, with examples in single ventricle and biventricular congenital pathologies.
Introduction
Congenital heart disease is found in up to 1% of live births and ranks among the most common birth defects [1] . The more severe types have traditionally had high infant mortality; however, improved surgical interventions have led to an increasing population of adults surviving with CHD [2] . Common types of CHD include coarctation of the aorta, tetralogy of Fallot, and transposition of the great arteries (both congenitally and surgically corrected). CHD lesions leading to a dominant single ventricle (e.g., hypoplastic left heart syndrome or hypoplastic right heart syndrome) are often ameliorated using a Fontan procedure, in which blood is diverted to the lungs without passing through the heart. Thus, CHD encompasses a range of cardiac defects, which lead to different types of biventricular or single ventricle morphologies. Regular monitoring of the status of heart shape and function is often required in patients to determine the progression of disease. Sequelae often include heart failure involving the left, right, or both ventricles and the timing of interventions (e.g., valve repairs) is critical to patient care. Early intervention may lead to unnecessary complications while late interventions risk deterioration into heart failure.
Cardiovascular magnetic resonance (CMR) imaging is the current gold standard for patient evaluation in CHD and many other cardiovascular diseases [2] . The lack of ionizing radiation makes CMR ideal for serial longitudinal evaluations of patients, both for monitoring the progression of disease and for timing surgical interventions. For example, patients with tetralogy of Fallot often develop right ventricular eccentric hypertrophy due to excessive volume overload. Postponement of pulmonary valve implantation may risk unrecoverable adverse remodeling leading to eventual heart failure. However, valve replacement does not lead to improved function in some patients [3] , and premature valve implantation risks further interventions such as valve replacement [4] . In single ventricle pathologies, the adult population is expected to grow by 60% in the next 10 years [5] . A registry of patients has reported 42% of the recorded deaths were patients aged 20-30 [6] .
Standard methods of analysis include quantification of right and left ventricular mass and volumes, including stroke volume and ejection fraction. For example, the decision to implant a pulmonary valve in tetralogy of Fallot is often made on the basis of end-diastolic right ventricular volume, indexed to body habitus. However, modern imaging techniques enable detailed regional analysis of function, resulting in multidimensional measures of shape and motion. An atlas of heart morphology and function is a spatio-temporal map of a specific patient or a population of patients, referred to a common coordinate system. Methods derived from computational anatomy can then be applied to derive quantitative measures of patient-specific performance relative to a population and to quantify progression of disease. This paper reviews recent advanced in the application of atlas-based analysis methods to the evaluation of patients with congenital heart disease. We show how customization of generic templates enables fast interactive analysis of biventricular function in a range of pathologies. Also, we apply finite element analysis to single ventricle shapes drawn from an atlas of Fontan repair patients and illustrate how simulations of biomechanics can aid understanding of how single ventricle morphology impacts cardiac function.
Overview of Methods for Atlas Construction

Imaging Cardiac Function
Cardiac MRI is able to image all parts of the heart without the need for acoustic windows and does not utilize ionizing radiation. Left and right ventricular mass and volumes are highly accurate and reproducible, with low inter-scan error. Disadvantages of MRI are that patients with implanted electronic devices are generally contraindicated, and children often require anesthesia. However, new advances in image acquisition are beginning to provide diagnostic data in these cases [7] [8] [9] . The current standard protocol for analysis of regional and global function requires segmentation of the epicardial and endocardial boundaries of the heart from 2D cine CMR image data. Typically, multiple short and long axis 2D cine acquisitions are performed during breath-hold. Typical imaging parameters include 60°flip angle, TR 30 ms, TE 1.6 ms, 6 mm slice thickness, 360 × 360 mm field of view, 256 × 208 image matrix, and 20-30 reconstructed frames [10] . However, the substantial slice thickness (5-10 mm) leads to partial voluming near the apex and base, increasing the error in boundary placement on short axis cine images [11, 12] . Several custom long axis scans must therefore also be planned through the inflow and outflow tracts of both ventricles to locate the four valves (if present), as well as the apex [13] . 3D cine acquisitions are now becoming available, which avoids the partial voluming problem and the need for planning multiple orientations [14] . At present, these typically require lengthy imaging protocols during which the breathing pattern and heart rate must be highly regular. However, recent advances in accelerated imaging show promise for reconstruction of 3D cine images using gated or free-breathing self-gating protocols [15] .
Image Analysis
Ventricular volume and mass are typically calculated by contouring inner and outer boundaries in 2D image series acquired in the short axis orientation (a process known as segmentation) and summing volumes from slice to slice. Segmentation of the images is time-consuming and prone to error; however, automated methods are now becoming more widespread [16, 17] . Recently, machine-learning algorithms are now enabling fully automated analysis of contours in each slice [18] [19] [20] . These methods require training with a significant number of cases with manual ground truth. However, contours can vary between laboratories and care must be taken to ensure the method is trained using several observers [21] . Figure 1 shows short and long axis CMR images their relationship in 3D space.
Model-Based Analysis
Shape and motion information for multiple slices and frames can be integrated by the customization of a geometric model of heart shape and function to the image data. Model-based analysis of cardiac function has a long history [22, 23] . If contours are available (either through manual or automatic segmentation), a 3D surface mesh can be customized to the segmented contours in each slice using optimization [24] or registration [25] techniques. Several groups have employed subdivision surface models (similar to computer graphics animations) to map heart shape [26] [27] [28] . One advantage of subdivision surface models is that resolution and continuity in the mesh can be locally controlled using computational rules rather than explicit constraints. In CHD patients, Morcos et al. [29, 30] used a subdivision surface model to reconstruct 3D RV geometries from CMR manually traced images. A marked regional change in RV function, with reduced basal function but augmented apical function, was found in tetralogy of Fallot patients compared with controls using a regional motion analysis. Although global measures of RV function such as tricuspid annular plane systolic excursion and RV ejection fraction have shown clinical utility for characterizing global function, more detailed information can be obtained from the local variations in function available using the surface model. The inclusion of long axis slices with short axis orientations improved the accuracy of the surfaces in patients with transposition of the great arteries [31] and enabled shape models to be constructed in Ebstien's anomaly [32] , capturing large variations in the tricuspid valve size and location.
Finite Element Guide Point Modeling
Finite element modeling is a numerical procedure used to solve problems of mechanics, electrophysiological activity, and fluid flow in engineering applications. Finite element models of cardiac function enable estimation of wall stress, muscle stiffness properties, fluid structure interaction, and predict response to resynchronization therapy [33] . Finite element models have also been used to interactively customize models to patient geometry and motion, through a procedure called guide point modeling. The model represents the beating heart surfaces as a patchwork of splines (elements) connected at nodes, with constrained continuity of shape and motion. These models were initially applied to biplane coronary cineangiograms [34] and extended to quantify right and left ventricular interaction in mitral regurgitation [35] . In the guide point modeling procedure, a real-time interactive optimization process is employed to iteratively customize the finite element model to user-defined surface guide points, as well as computer-generated edge features and feature tracking to deform the model from frame to frame (non-rigid registration) [36] . Initially validated in the left ventricle [37] , the method has been extended to biventricular models and validated in CHD patients [38] . The model is customized by least squares optimization of the surface locations to landmarks provided interactively on short and long axis cine images. Using these methods, all four valves can be included (if present). The mass and volume of both ventricles can be obtained, new pathological shapes can be generated which are not already in the database, and all frames in the cine sequence analyzed, resulting in 3D+time motion of the surfaces and valves, and thereby the basal extent of the ventricles, throughout the cardiac cycle. In this method, individual contours of each image are not required since they are provided by the intersections of the model with the image plane. Figure 1 shows short and long axis images and the model-image intersections, together with a 3D view of the model and the image planes.
Atlas-Based Image Analysis
The customization of a geometric model also establishes a coordinate system, fixed to the model, which is transported to each individual heart during the customization process. Once a model has been customized to one patient's images, it can be used as a template for subsequent customizations. The template image data can be matched to the target image data by optimizing a similarity function, typically using nonrigid registration [39] . Over a large number of templates, an average template can be computed iteratively by successive registration of volumetric images [40] .
Once sufficient templates have been constructed, the statistical properties of the population of models can be used to assist the customization process [41] . In one method, principal component analysis (PCA) is applied to a population of shape models, typically using a consistent sampling of points which correspond to the same anatomical location in each patient. Active shape models [42] and active appearance models [43] enable identification of patient-specific geometry as a Fig. 1 Cardiac magnetic resonance images with epicardial and endocardial contours. a Long axis view, b short axis view, and c 3D biventricular model of a patient with tetralogy of Fallot. d Long axis view, e short axis view, and f 3D single ventricle model combination of atlas shapes. Given a variety of templates, multi-atlas segmentation can be used to find the best local matching templates, which are then propagated to the target image, and the associated labels are then fused to achieve a consensus contour [44] .
Atlas-based statistical models have shown promise in the evaluation of patients with CHD. In one method known as knowledge-based reconstruction, the patient customization is performed using a linear combination of database templates [45] . Using a database of~60 subsystemic RV geometries, this method provides accurate and rapid analysis of right ventricular volumes in patients with tetralogy of Fallot and after arterial switch operation for dextro-transposition of the great arteries [46, 47] . In patients with transposition of the great arteries after atrial switch, the right ventricle was dilated and more spherical than controls, with reduced basal regional function relative to patients with congenitally corrected transposition of the great arteries [48] . One limitation of these methods is that the target case may not be adequately represented by a linear combination of template cases. One area of future research is the joint estimation of shape and the underlying statistical shape model using a data-driven approach [28] . Stebbing et al. [28] used a subdivision surface parameterization to optimize the basis of heart shapes needed for accurate shape delineation and could be used to automatically update the statistical model while analyzing new cases.
Atlas-Based Shape Analysis
Principal component analysis (PCA), an unsupervised dimension reduction analysis method, was used in the Multi-Ethnic Study of Atherosclerosis to investigate relationships between traditional risk factors (smoking, hypertension, diabetes, etc.) and cardiac shape and function in approximately 2000 volunteers [24] . Projection of patient-specific geometry onto the orthogonal PCA modes provides z scores associated with the main modes of variation. These show more sensitive relationships with risk factors [24] and to disease [49] than traditional mass and volume measures. Supervised dimension reduction methods such as information-maximizing component analysis enable optimal classification of distributions between patient groups [50] . Partial least squares optimization methods (another form of supervised dimension reduction) were used to derive orthogonal modes based on clinical remodeling indices with known prognostic value [51] .
Another class of statistical methods is mass univariate regression analysis. This has been used to determine subclinical relationships between wall thickness distributions and systolic blood pressure [52] and bio-impedance body composition [53] . Similar methods have shown links with SNPs associated with hypertrophy identified from GWAS studies [54] . Recently, these methods have also identified relationship between titin truncation variants and eccentric remodeling patterns in the healthy population [55] .
Finite Element Biomechanical Analysis
Although modern medical imaging methods can provide detailed information on the morphology and function of the heart under different conditions, investigation of the underlying mechanisms leading to heart failure requires knowledge of biomechanical quantities such as stress and compliance. Currently, these are impossible to determine directly and mathematical modeling techniques are required to estimate biophysical parameters from the data available. Finite element models of stress, material properties, and activation show promise in this area. Computational physiological models have been used to provide personalized estimates of contraction force, stiffness, and activation parameters [56] . Typically, biophysical parameters are iteratively optimized to match the imaged shape and motion [57] . Recently, community benchmark studies have provided valuable validation of code and methods [58] , [59] . These methods enable estimation of regional wall stress, contractility, relaxation parameters, and ventricular stiffness [33, 60] . Similar methods can also be applied in the right ventricle. In one preliminary study, right ventricular wall stress was the best measure for predicting better outcomes after pulmonary valve replacement in tetralogy of Fallot patients [61] .
Case Studies: Construction of Biventricular and Single Ventricle CHD Atlases
Preliminary results are presented to illustrate the applications of atlas-based computational analysis in CHD.
Template Generation and Customization
An initial study into the feasibility of guide point modeling in biventricular CHD patients was described in [38] . The method was validated against ex vivo sheep heart for LV and RV mass and against manual contours in 17 patients, showing good precision but some bias in LV and RV mass. The method was improved in [62] with validation in 60 patients (35 male, aged 23 ± 13 years, 29 tetralogy of Fallot, 9 transposition of the great arteries, 7 coarctation of the aorta, and 14 other including bicuspid aortic valve and pulmonary atresia). In these studies, a single template derived from a normal biventricular anatomy was customized to each patient. Given multiple templates representing a variety of common biventricular geometries, the shape-specific template closest to the patient's geometry can be customized, thereby reducing the time required for patient-specific modeling. One case was excluded due to incorrect gating of the images, reducing the number of cases to 59. Ethical approval for this study was obtained from the Northern X Ethics Committee of New Zealand.
In order to generate a set of shape-specific templates, we recruited and scanned 24 CHD patients with a wide range of pathologies and biventricular shapes with ethical approval obtained from the Health and Disability Ethics Committee of New Zealand. This dataset contains four cases of dextrotransposition of the great arteries, one case of congenitally corrected transposition of the great arteries, one case of Ebstien's abnormality, two cases of bicuspid aortic valve, two cases of double outlet right ventricle, two cases of Marfan syndrome, one case of congenital aortic stenosis, two cases of coartaction of the aorta, and six cases of tetralogy of Fallot. A single frame high-resolution 3D image of the heart was obtained during diastasis, using a respiratory and cardiac gated gradient recalled echo (GRE) sequence on a 3-T MRI scanner (Siemens Skyra; Siemens Healthcare, Erlangen, Germany): TE = 1.4 ms, TR = 350 ms, voxel size = 1.5 × 1.5 × 1.5 mm, and flip angle = 20°. In our experiments, we chose three types of CHD biventricular morphology, in order to capture a range of geometries. These scans were independent to the 59 cases used to create the atlas.
To illustrate the shape-specific template generation process, we chose three different geometries commonly seen in biventricular CHD patients (Fig. 2) . These three characteristic shapes spanned a variety of pathologies: (i) LV dominant, where the LV forms the apex of the heart (Fig. 2a) ; (ii) RV dominant, where the RV forms the apex of the heart (Fig. 2b) ; and (iii) double apex, where both LV and RV have a separate distinct apex (Fig. 2c ). These were not dependent on a particular CHD type; rather, they reflect remodeling due to pressure and volume overload.
The method of Gonzales et al. [63] was extended to generate the shape-specific templates (Fig. 3, steps 1-4 ). Contours were manually drawn on all slices using ITK-snap (www. itksnap.org) [64] . Finite element nodes were placed on the surfaces using Blender (www.blender.org), connecting nodes to construct hexahedral elements [63] . The resulting bi-linear elements were then subdivided using a Li-Kobbelt subdivision surface method to obtain an interpolating bi-cubic surface that was continuous in position and derivative in all areas and approximately continuous at the extraordinary nodes [63] . The RV dominant template was created from the 3D CMR dataset of a 24-year-old female with tetralogy of Fallot. The double apex template was created from the 3D CMR dataset of a 45-year-old female with coarctation of the aorta and a ventricular septal defect. The resulting templates are shown in Fig. 4 . Each template was generated using the same number of nodes and the same element connections. This was done to ensure that all templates had the same topology so that population shape analyses, such as principal component analysis, can be performed over many cases. Shape-specific templates could then be customized to the patient's cine images using guide point modeling, resulting in patient-specific quantification of biventricular morphology. Briefly, the template was registered to the images using a small number of fiducial landmarks placed on the four valves (if present) and epicardial apex. Interactively placed guide points on the epicardial and endocardial surfaces on the short or long axis images were then used to deform the finite element model using least squares minimization. Non-rigid registration methods were used to track image features from frame to frame, in order to propagate the model contours to each frame in the cine sequence [36] . This process resulted in a 4D (being 3D plus time) patient-specific time-varying model in an interactive workflow.
Atlas-Based Biventricular Analysis
A biventricular atlas was created from the 59 patients described above. Figure 5 shows the first three principal components of the ED atlas ranked by the amount of variance explained. Mode 1 shows changes in the relative RVand LV size (i.e., as the RV gets larger the LV gets smaller), the shape of the apex, and transitions from the right dominant shape at the 5th percentile to the LV dominant shape at the 95th percentile. Mode 2 in the ED atlas shows changes in size of both ventricles. In mode 3, it shows changes in the overall longitudinal dimension of the ventricles, giving a more spherical biventricular shape. The first three modes described 50% of the variation in the dataset and the first ten described 80% of the variation. The amount of each mode present in a specific patient can be calculated by projection of the patient geometry onto the mode shape, giving rise to quantitative z scores (0 for the mean, 1 for one standard deviation from the mean, etc.).
Single Ventricle Analysis
An atlas of 42 single ventricle cases was generated from the cardiac atlas database, comprising cases which were listed as having undergone a Fontan procedure or having a condition which was a single ventricle physiology and were accessed to have a left ventricle (with ethical approval obtained from the Health and Disability Ethics Committee of New Zealand). The MRI scans used to create the single ventricle atlas were independent to the datasets already described in this paper. The images were acquired on a Siemens 1.5-T Avanto and the average age of participants is 15 ± 9.1 years. Size variation due to height was removed using linear regression [24] . This method allows for size due to height to be removed while retaining difference in size related to other factors. The top row of Fig. 6 shows the average shape at ED and ES. The first mode of the ED atlas was mainly associated with variation in size. This mode explained 23% of the total variance in the dataset.
Finite Element Biomechanical Analysis
A finite element model of ventricular biomechanics was used to investigate the relationships between observed variations in end-diastolic shape and variations in ventricular systolic regional wall motions. The end-diastolic geometry was varied to determine the contributions of specific variations in shape to observed variations in systolic function. In the left ventricle of Fontan patients with a systemic left ventricle, average left ventricular end-diastolic shape from the atlas-based analysis was used to create finite element meshes for the biomechanical analysis. A finite element model derived from the average ED Fontan atlas was subjected to ventricular pressures on the endocardial surface corresponding to estimated average LVESP, and the length-dependent tension in the model was modified until the measured mean end-systolic volume was reached [65] . To test how the variation in ED shape of the Fontan patients can explain the observed variation in the atlas-based model ES modes, the initial model geometry was replaced with the average ED shape of the Fontan patients except for shape mode 1, which was adjusted to represent the fifth percentile of the atlas shape distribution. The process of endocardial pressure loading and active tension generation in the finite element model was repeated with the same material properties and activation model parameters. Figure 6 shows the undeformed and deformed finite element model. The average ED model had a volume of 88.7 ml and the deformed model had a volume of 54.6 ml. The fifth percentile ED shape model had a volume of 130.5 ml and the deformed model had an ESV of 82 ml.
Discussion and Conclusions
Although analysis of biventricular and single ventricle function with CMR has been time-consuming and complex in the past, new methods including machine-learning, image registration, and 3D modeling enable fast and accurate quantification of heart shape and function in congenital heart disease. Rapid customization of shape-specific templates can be performed interactively in a time compatible with a clinical workflow. A major advantage of this method is the inclusion of all four valves and long axis slices. The customization method allows generation of new shapes outside the range spanned by previously analyzed cases.
The patient-specific modeling method demonstrated in this paper was able to provide patient-specific clinical indices of function quickly (each 4D model took less than 1 h with some analysts reporting a 20-min analysis time). It also demonstrated a flexibility to create atlases directly from these models in under 10 min, which in the future could provide clinicians with information about how a patient's heart shape is changing relative to their population (e.g., other patients with tetralogy of Fallot). The method is still somewhat dependent on the observer's ability to correctly define boundaries, although this
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Step 5: Modeling Fig. 3 Pipeline for creating new CHD-specific templates and patientspecific models.
Step 1: 3D CMR data is segmented.
Step 2: Notes in the template are defined.
Step 3: Subdivision surface gives the shapespecific template.
Step 4: The template is interactively customized to short and long axis cine images in each frame.
Step 5: Finite element models are generated for biomechanical analysis Fig. 2 Four-chamber ED frames from three participants showing the three shapes identified. a LV dominant. b RV dominant. c Double apex. The images are from three participants with a dextro-transposition of the great arteries, b tetralogy of Fallot, and c a ventricular septal defect and coarctation of the aorta will be assisted in the future with machine-learning algorithms.
A statistical atlas of CHD shape variation can be computed from a population of customized shape models. These population atlases enable characterization of the distribution of shape and function in particular cohorts. Individual patient status can be quantified using z scores showing similarity or differences relative to the population. In the future, this method can be used to quantify longitudinal changes in biventricular morphology to assess shape changes in individual patients over time. Although these results are preliminary, the biventricular atlas suggests that the major modes or shape change involve relative dilatation of the right ventricle with respect to the left, overall heart size (not explained by height), sphericalization. Right heart size is indicative of adverse remodeling and is currently used as the criteria to determine the Fig. 6 Top: The average shapes at ED and ES for the Fontan dataset. Middle: Average ED shape and the resulting deformed ES shape. Bottom: fifth percentile of mode 1 and the resulting deformed ES shape Fig. 4 The shape-specific templates. a LV dominant, b RV dominant, and c is double apex. The LV is shown in green, the RV in yellow, and the biventricular epicardial surface in blue. MV mitral valve, AV aortic valve, TV tricuspid valve, and PV pulmonary valve Fig. 5 The first three modes of the ED atlas. The left hand column shows the 5th percentile, the middle column the average shape, and the right hand column the 95th percentile. The LV is shown in pink, the RV in green, and the biventricular epicardium in blue timing of pulmonary valve replacement [3] . Overall heart size has been linked to adverse events in population studies [66] and sphericalization of heart geometry is also linked with adverse outcomes [67] .
As the tool creates a personalized finite element model, it will be possible in the future for biomechanical and electrophysiology models to be created from the 4D patient-specific models [68] . Preliminary results shown here illustrate how atlases of CHD shape and function can be used in conjunction with biomechanical models to evaluate underlying mechanisms of the progression to heart failure in different types of disease.
In conclusion, atlas-based analysis of CHD has the potential to be a powerful comparative tool that can be used to prognosticate and improve outcomes. Future work is needed to evaluate which atlas-based measures best determine timing of intervention and future events. Longitudinal studies with large numbers of patients are required for these studies. Since CHD is relatively rare (compared with other heart disease such as myocardial infarction), large scale data pooling studies are required which combine patient studies from many institutions in a standard analysis framework. Also, there is a need to obtain normative data on healthy children, from birth to adulthood. Almost all large cohort studies to date have been in adults, leading to a gap in our knowledge on normal growth and development. A substantial study of children using MRI would significantly aid the quantification of individual and group differences in CHD.
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